Reading is a learned skill that is likely influenced by both brain maturation and experience. Functional imaging studies have identified brain regions important for skilled reading, but the structural brain changes that co-occur with reading acquisition remain largely unknown. We investigated maturational volume changes in brain reading regions and their association with performance on reading measures. Sixteen typically developing children (5-15 years old, eight boys, mean age of sample = 10.06±3.29) received two MRI scans (mean interscan interval = 2.19 years), and were administered a battery of cognitive measures. Volume changes between time points in five bilateral cortical regions of interest were measured, and assessed for relationships to three measures of reading. Better baseline performances on measures of word reading, fluency, and rapid naming, independent of age and total cortical gray matter volume change, were associated with volume decrease in the left inferior parietal cortex. Better baseline performance on a rapid naming measure was associated with volume decrease in the left inferior frontal region. These results suggest that children who are better readers, and who perhaps read more than less skilled readers, exhibit different development trajectories in brain reading regions. Understanding relationships between reading performance, reading experience, and brain maturation trajectories may help with the development and evaluation of targeted interventions.
Introduction
Reading is a learned ability specific to humans. Skilled reading relies upon the integration of multiple brain regions, and recruitment of and communication among these regions likely strengthen over time. Functional imaging studies have identified left hemisphere frontal, temporal, and parietal regions that are activated during reading tasks [1] , and crosssectional studies have reported variations in brain structure in similar areas in children as a function of reading skills [2] . However, the ways in which developmental changes in brain structure relate to reading acquisition in children remain largely unknown. Given the negative individual and societal implications associated with illiteracy in both children and adults, furthering our understanding of these changes as they relate to typical brain development is necessary, and may be useful for the development of targeted reading interventions.
Learning to read is a protracted developmental process supported by the parallel development of multiple cognitive and linguistic skills, including fluency, accuracy, and phonological awareness [1, 3] . These skills begin to emerge before the onset of fluent reading and are refined as one continues to learn, such that learning to read is likely a facilitator and an outcome of other developmental processes, including brain maturation.
Brain maturation involves dynamic changes in gray and white matter [4, 5] . These changes are regionally and temporally specific, such that gray matter volume decreases and white matter volume increases between childhood and adolescence occur earlier in more primitive brain regions and later in phylogenetically newer ones [6, 7] . Cortical changes in the left perisylvian language regions show a unique developmental pattern where cortical thickening occurs much later than that of the more dorsal regions of the frontal and parietal lobes [4] [5] [6] [7] . These changes are thought to reflect variations in synaptic density and myelination, both of which are influenced by environmental and genetic factors, and characterize neural plasticity throughout development [6] . Longitudinal imaging studies have related regionally specific patterns of cortical maturation to general intellectual functioning, specific cognitive functions, and skill learning [5, 8, 9] . In the context of reading and literacy, these findings have important implications, but specific relationships between acquisition of reading skill and the simultaneous structural brain changes in children are still not well understood [1] . Given that cortical maturation, intelligence quotient (IQ), and reading are influenced by environmental experience throughout development, and that some brain regions are likely more integral than others in learning to read, a developmental reading model that includes brain maturation is warranted.
Only a handful of imaging studies have investigated relationships between brain structure and reading skill in children. Cross-sectional studies of impaired readers report reduced gray matter volumes in bilateral fusiform and right hemisphere supramarginal regions [10] , and a longitudinal study of typically developing children suggests that those with greater thickening of inferior frontal cortical regions demonstrate improved phonological skills [9] . The inferior parietal cortex has also been implicated in reading, given its location along the visual pathway and its pattern of activation during reading tasks. Diffusion tensor imaging studies of reading have consistently revealed relationships between white matter and reading, with higher fractional anisotropy and larger white matter fiber bundles in temporo-parietal and frontal regions being associated with better reading [2] .
Here, we used longitudinal structural MRI to study whether maturational volume changes in brain regions implicated in reading are associated with reading performance in typically developing children. We hypothesized that more efficient reading-related skills would be associated with volume change within bilateral canonical reading regions (inferior frontal, inferior parietal, superior temporal, supramarginal, and fusiform).
Materials and methods

Participants
Sixteen typically developing adolescents (eight boys/eight girls, 5-15 years, mean age of sample = 10.1±3.3 years) were recruited as a part of a larger study at the University of California, Los Angeles. Participants had no history of neurological impairment, psychiatric disability, learning disability, language impairments, developmental delay, or significant exposure to prenatal teratogens such as alcohol. Participants were right-handed, native English speakers. Participants and their parents gave their informed consent to participate in this study, which was approved by the Institutional Review Board of the University of California, Los Angeles. Table 1 depicts the demographic details of all participants.
Neurocognitive data collection
Participants were administered a comprehensive battery of standardized cognitive measures that included the rapid letter naming subtest of the Comprehensive Test of Phonological Processing (CTOPP) [11] , the fluency subtest of the Gray Oral Reading Test (GORT) [12] , the word reading score of the Wide Range Achievement Test (WRAT), 3rd ed. [13] , and the Wechsler Intelligence Scale for Children, 4th ed. [14] . These measures were selected from the larger neurocognitive battery as they were thought to represent the most distinct reading skills: the efficient access and retrieval of letters held in long-term memory (CTOPP rapid letter naming), the ability to quickly and accurately read text (GORT fluency), and correctly pronouncing real, printed words (WRAT reading). Prorated IQ scores were calculated using the Vocabulary, Block Design, Similarity, and Matrix Reasoning subtests. One participant was missing GORT fluency data, and two were missing IQ data. Demographic data are presented in Table 1 .
Image acquisition and processing
Structural imaging data were obtained on a Siemens 1.5 T Sonata Scanner (Siemens, Erlangen, Germany) using a 12-channel head coil. Two to four high-resolution sagittal T1-weighted images were collected for each participant using the following parameters: TR = 1900 ms; TE = 4.38 ms; flip angle, 15; matrix size, 256 Â 256; voxel size, 1 Â 1 Â 1 mm; acquisition time, 8 min 8 s. Detailed image processing procedures have been described previously [15] . Briefly, preprocessing and segmentation of cortical gray matter regions on structural images were conducted using automated brain segmentation software (Freesurfer 5.1, http://surfer.nmr.mgh.harvard.edu) [15] . MPRAGE acquisitions for each participant were averaged to enhance signal-to-noise ratio, then motion-corrected, and nonbrain tissue (skull, orbits) was removed. A blinded expert user (E.K.) manually edited skullstripped images if extraction was poor. Images were then run through Freesurfer's recon-all longitudinal stream [16] . Gray/white matter boundaries were automatically defined; any errors were manually corrected, but were mostly restricted to topological deficits. Volume measurements were calculated for five bilateral brain regions (supramarginal, inferior frontal, inferior parietal, superior temporal, and fusiform), as well as measures of total brain, total cortical gray matter, and total white matter volumes. Freesurfer parcellation methods are summarized by Desikan et al. [17] . Relevant to our work, the inferior parietal cortex is defined by the supramarginal gyrus (rostral boundary) and the lateral occipital cortex (caudal boundary), and sits just below the superior parietal cortex. The rostral and caudal boundaries of the supramarginal gyrus were the posterior portion of superior temporal cortex and the anterior portion of the superior parietal cortex, respectively. The pars opercularis, the pars triangularis, and the pars orbitalis were summed to define the inferior frontal gryus, with the rostral portion of the inferior frontal sulcus as the rostral boundary, and the precentral gryus as the caudal boundary. The rostral portion of the superior temporal sulcus and the caudal portion of superior temporal gyrus bound the superior temporal gyrus. Boundaries for the fusiform gyrus were the rostral portion of the collateral sulcus and most posterior portion of the lateral occipital cortex. See Fig. 2 for visualization of our regions of interest.
Statistical analyses
Statistical analyses were conducted in R v. 2.15.2 (http:// www.r-project.org/). Annualized brain volume changes were calculated for each individual by subtracting the volume of gray matter at time 1 from the volume of gray matter in the same region at time 2 and dividing by the interscan interval. Relationships between age at time 1 and annualized volume change, age at time 1 and behavioral reading performance, and between behavioral reading performance and prorated full-scale IQ were assessed with correlation analyses.
We used separate linear models to test our hypotheses that regional annualized volume changes are associated with better baseline reading performance. In each model, baseline reading score for each reading measure was entered as the predictor of brain volume change, with age at time 1 and total gray matter volume change utilized as covariates. A significance threshold of P less than 0.05 was used for all tests. This analysis was repeated for time 2 scores, where separate linear models were used to explore whether time 2 scores were associated with volume change in the same regions. As follow-up analyses, we (a) entered participants' prorated IQ scores into each model as an additional covariate, and (b) examined the relationship between prorated IQ and regional cortical volume changes, controlling for age, and total cortical volume change.
Results
There were no significant relationships between rapid naming, word reading, and fluency (GORT) at time 1 and prorated full-scale IQ. All reading scores were stable across the two scans, (r > 0.65), though baseline raw scores were significantly correlated with age at time 1. Age at time 1 also demonstrated a significant relationship with volume (change) in the left inferior parietal region. No other cortical regions had significant volume changeage correlations.
Better baseline performance on the WRAT Reading subtest was associated with volume reduction in the left inferior parietal cortex (P = 0.005), controlling for age and total cortical volume change. Similarly, better baseline scores on both the GORT Fluency (P = 0.020) and CTOPP Rapid Letter subtests (P = 0.035) were associated with volume decrease in the left inferior parietal cortex and better baseline performance on the CTOPP Rapid Letter subtest (P = 0.037) was associated with volume decrease in the left inferior frontal gyrus (IFG) (Figs 1 and 2 and Table 2 ). Time 2 GORT fluency scores were associated with volume reductions in the left fusiform cortex (P = 0.032). In addition, time 2 WRAT word reading scores were associated with volume reduction in the left inferior parietal region, and time 2 scores on the rapid naming subtest of the CTOPP were associated with volume decrease in bilateral inferior frontal regions (P = 0.010, left; P = 0.004, right), and the left inferior parietal region (P = 0.027). Entering prorated IQ into the models resulted in similar patterns for all regions (i.e. volume decrease with increased score), but results did not reach significance, perhaps because of reduced statistical power associated with an additional predictor variable. Regional volume changes, controlling for age and total cortical volume change, however, were not significantly associated with IQ.
Discussion
This longitudinal MRI study investigated structural brain changes that co-occur with reading acquisition in typically developing children, and is the first longitudinal report to our knowledge to identify a specific relationship between cortical volume and this subset of reading skills in typically developing children. As hypothesized, we found that volume reductions in the left inferior parietal and frontal regions are characteristic of children who perform better on tests of rapid naming, word reading, and fluency, regardless of age.
The longitudinal design of this study provides more power and further insight into the neuroanatomical correlates of typical reading development compared with previous cross-sectional studies. Most work to date reveals altered structural profiles in impaired readers, including reduced left hemisphere volumes in adults with dyslexia [18] . In this sample, we find an overall maturation pattern of volume decreases in canonical left hemisphere reading regions associated with better performance on three reading measures (fluency, word recognition, and rapid naming). These results complement previous findings of larger volume decreases being related to higher intelligence in participants both with and without prenatal alcohol exposure [19] , and findings of varying developmental trajectories in children of differing intelligence [8] , and show that cognitive abilities may be more strongly related to trajectories of structural brain changes than volume at any one time point. Understanding trajectories of brain development and how they relate to cognitive maturation is critical for developing and evaluating targeted therapies to improve reading skill.
Though the nature of its exact functional role remains a topic of investigation, the pattern of cortical maturation Table 2 Linear regression of baseline raw scores on change in gray matter volume controlling for age and total cortical gray matter volume change described in this report supports the important role of the inferior parietal cortex in reading by suggesting that maturation in this region is associated with proficiency on tests of fluency and rapid naming. Likewise, the current report highlights the importance of the left IFG (Broca's area, BA 44/45) in reading. Imaging findings suggest variable activation patterns in the left IFG in children with dyslexia [20] , and there is evidence that white matter connections between posterior and frontal anterior reading regions are disrupted in dyslexic readers [18] . To the extent that the volume decreases seen here are indicative of cortical maturation, our findings further inform the developmental trajectories of these regions by suggesting that the abnormal activations observed in this region for impaired readers might not just be a product of abnormal morphology, but also of altered overall maturation of these regions during childhood and adolescence.
It is possible that the overall decrease in volume over time is more generally because of overall intelligence, however, raw reading scores in this sample showed no relationship to intellectual ability, and IQ alone was not predictive of volume change. Thus, although we know that general intelligence and age may contribute to overall brain maturation [8, 21] , and that IQ may have a unique relationship with academic achievement [22] future studies should more closely examine the relationship of IQ to regional and global maturation as it relates to specific skills.
Future studies with larger samples will be needed to replicate the present results, given the relatively small sample studied here. Further, investigations with a smaller age range would be helpful to narrow the longitudinal brain changes over 2 years to more specific aspects of reading. Nonetheless, the results reported are consistent with our a-priori hypotheses and are quite robust for a relatively small sample (e.g. P = 0.005 for left inferior parietal cortex). In addition, the longitudinal design provides greater power than a comparable crosssectional study with a similar sample size. Future studies with increased sample size will be able to use the current results as a foundation to more closely investigate the variables, such as IQ, that may contribute to these structural changes as they relate to the evolutionarily newer skill of reading. Certainly, understanding the nature of experience's influence on brain development and cognition remains a critical goal, given previous findings of cortical change in response to intervention [23] and the effects of socioeconomic status on regions important for linguistic skill [24] .
Conclusion
This longitudinal study demonstrates relationships between three components of skilled reading (rapid naming, word reading, and fluency) and cortical volume change in typically developing children. Specifically, decreases of volume in the frontal and parietal cortical regions over time were associated with better behavioral performance on rapid naming, word reading, and fluency. Future longitudinal studies of cortical maturation and reading are needed to further our understanding of more suitable interventions for reading impairment. These results may be of help in future targeted therapies. Brain regions demonstrating significant correlations between annual volume decreases and baseline reading scores are shown as colored regions. Gray regions were tested, but showed no significant correlations; white regions were not tested. In the left inferior frontal gyrus (red), better reading scores on the CTOPP were associated with larger volume decreases. In the left inferior parietal cortex (striped blue/ green/red), better reading skills on all three measures [CTOPP (red), GORT (green), WRAT (blue)] were associated with larger volume decreases. Note: the presence of three colors in this region denotes its persistent involvement in these reading skills and is not indicative of smaller regions of the cortex being differentially involved in reading. CTOPP, Comprehensive Test of Phonological Processing; GORT, Gray Oral Reading Test; WRAT, Wide Range Achievement Test.
